We characterized high malic acid-producing strains of Saccharomyces cerevisiae isolated from sake mash. We compared the gene expression of these strains with those of the parental strain by DNA microarray, and found that stress response genes, such as HSP12, were commonly upregulated in the high malate-producing strains, whereas thiamine synthesis genes, such as THI4 and SNZ2, were downregulated in these strains.
To maintain the diversification and the quality of sake liquor, many efforts have been made to develop a sakerelated yeast in which the organic acid productivity changes. Since different sakes from malic acid, succinic acid, and lactic acid are produced during sake brewing, it is important to breed a yeast strain that shows improved productivity of organic acids and causes diversification of the taste of the resulting sake. For example, it has been reported that the level of malic acid increases 3-fold in a sake yeast mutant that is resistant to an inhibitor of succinic acid dehydrogenase, dimethyl succinic acid.
1) It has also been reported that a yeast strain that primarily produces malic acid at a level greater than that of the parental strain can be acquired by isolating a mutant resistant to cycloheximide, an inhibitor of protein synthesis that acts on the ribosome of the eukaryote.
2) In addition, Asano et al., have reported the breeding of a sake yeast strain by isolation of a low maltose assimilating mutant. They found that the strain produced approximately 7 times the malic acid generated by the parental strain. 3) Since these breeding strategies require the induction of mutations, there is a risk that the fermentation competence of the mutants may be degraded. To attempt to avoid this potential issue, efforts have also been made to isolate high malic acid-producing yeast from sake mash. Specifically, for the purpose of manufacturing Kijoshu, a concentrated, acidic sake, investigators have separated multiacid-producing yeast, in which organic acid production capacity increased, from sake mash, and they found that the yeast was ethanol-tolerant and produced high amounts of malic acid. 4) In previous reports, we have also noted the acquisition of a sake yeast strain from sake mash that showed increased productivity of malic acid, which contributes to the pleasant sourness of sake. 5, 6) In the present study, we examined the fermentation properties of a high malic acid-producing yeast isolated from sake mash. In addition, we attempted to elucidate the characteristics of the strain by DNA microarray analysis.
Specifically, we examined the sake yeast Kyokai no. 901 (K901) and high malic acid-producing strains 15BY14-6, 15BY14-9, 16BY7-6, and 16BY8-9, which were obtained from sake mash using K901, and were therefore considered mutants of K901. 6) These strains were subcultured in YM-10 medium (0.3% yeast extract, 0.3% malt extract, 0.5% polypeptone, and 10% glucose) at 30
C for 72 h. Cells were inoculated at a density of 1 Â 10 5 cells/mL. Cultures grown for 12, 24, 36, 48, 60, 72, 84, or 96 h at 20 C were rapidly harvested on ice, and the cells and supernatants were separated by centrifugation at 4 C. The concentrations of various components of the samples, such as glucose, ethanol, and malic acid, were analyzed by high-performance liquid chromatography. Total RNA was prepared by hot phenol extraction. 7) DNA microarray analysis was carried out as described previously. 8) cDNAs from the total RNA (50 mg) of the wild-type strain K901 and from the high malic acid-producing strains was fluorescently labeled with Cy5 and Cy3 respectively. Subsequently, the two labeled cDNA pools were mixed and hybridized simultaneously to a custom-made DNA microarray. 9) The microarray was hybridized at 65 C overnight in a humid chamber, washed, dried, and scanned using an y To whom correspondence should be addressed. Fax: +81-942-30-7244; E-mail: ooba@fitc.pref.fukuoka.jp Abbreviations: K901, sake yeast Kyokai no. 901; TPP, thiamine diphosphoric acid; PDH, pyruvate dehydrogenase; PDC, pyruvate decarboxylase FLA-8000 Fluorescent Image Analyzer (Fuji Film, Tokyo). All experiments were performed 3 times with independently grown cells. The expression ratios reflected the average value for each experiment, and the log (base 2) ratio values were calculated from the fold changes. Expression ratios less than À1 or greater than 1 were considered to be significant.
On the 20 high malic acid-producing strains that we separated from the sake mash, we carried out fermentation tests in YM-10 medium using only four strains derived from K901. We found that the growth rates of the high malic acid-producing strains were almost equal to that of the parental strain (data not shown). We considered that the growth of yeast cells up to 48 h was in the logarithmic phase, whereas the cells were growth after 48 h in the stationary phase. The time-courses of glucose consumption (A) and ethanol production (B) and the time-course of malic acid production (C) are shown in Fig. 1 . In summary, the glucose consumption levels of the high malic acid-producing strains were somewhat lower than that of K901. At 96 h after the start of cell culture, the average glucose concentration of the high malic acid-producing strains was 2.6%, whereas that of K901 was 0.9% (Fig. 1A) . In contrast, the ethanol production rate was lower in the high malic acid-producing strains than in the parental strain. At 96 h after culture started, the average extracellular ethanol concentration of the high malic acid-producing strains was 4.6%, while that of K901 was 5.8% (Fig. 1B) . Based on the time-course of malate production ( Fig. 1C) , we concluded that the production of malic acid began at about 36 h in both K901 and the high malic acid-producing strains. The production of malic acid gradually increased in the mutant from 48 h. At 96 h after the start of the culture, the high malic acidproducing strains produced 1.2-1.4 times the amount of malic acid relative to the parental strain.
Since we found that malic acid was consistently produced by the strains from 36 h after the start of the culture, we performed DNA microarray analysis of yeast cells collected at 30 h after the start of the culture, as this time point appeared to reflect the typical characteristic of the strain. We examined commonly upregulated genes in the high malic acid-producing strains. The genes that exhibited significant changes (ratios of AE1) in all the high malic acid-producing strains were considered to reflect the characteristics of these strains (Table 1A) .
The high malic acid-producing strains had 25 upregulated genes and 14 downregulated genes in common. Among the upregulated genes, HSP12, GPH1, PGM2, TSL1, YGP1, and YCL042W were previously identified in ethanol-tolerant yeast strain Kyokai no. 11 (K11) as upregulated genes. 10) Because these five genes have the stress response element (STRE), CCCCT or AGGGG, in their promoter regions (from À1000 to À1 of each ORF) of the stress induced genes, 11) we examined to determine whether the STRE sequence is present in the promoter regions of the 20 remaining upregulated genes. STRE was observed in 80% (20/25) . A list of 25 upregulated genes was submitted to the GO yeast database on the FunSpec web-based clustering tool. 12) One of the significantly enriched categories of the GO Biological Process was response to stress [GO:0006950] (p-value ¼ 0:005839). The high malic acid-producing strains were isolated from a sake mash in which the ethanol concentration was higher than 10%. Hence it is possible that high malic acid-producing strains can acquire ethanol tolerance during fermentation. Among GPD1, CTT1, SPI1, HSP12, CYC7, and HOR7, which were upregulated in K11, and ethanol-tolerant strain SR4-3, 13, 14) HSP12 was upregulated only in the high malic acid-producing strains, while GPD1, CYC7, and HOR7 were not upregulated in them. On the other hand, CTT1 and SPI1 were upregulated only in 16BY8-9. Moreover, K11 and SR4-3 acquired high malic acid productivity in addition to ethanol tolerance. 13, 15) In sake brewing tests, K11 and SR4-3 overproduced malic, succinic, and acetic acids. In contrast, the high malic acid-producing strains produced half as much acetic acid as K901, despite overproducing malic acid. Therefore, the mechanism of overproduction of malic acid in the high malate-producing strains appears to be different from that of ethanol-resistant mutants such as K11 and SR4-3.
On the other hand, when the commonality of the downregulated genes was examined, we found that the expression levels of THI4 and SNZ2, which are involved in the biosynthesis of the thiamine, were lower. We also examined the expression ratio of the genes associated with thiamine metabolism (Table 1B) . In yeast cells incubated for 30 h, the expression levels of several genes were lower. This suggests that the expression level of the genes involved in thiamine metabolism is lower than K901 after 30 h from the start of culture. Hence it A, Consumption of glucose. Ã, K901; , 15BY14-6; , 15BY14-9; , 16BY7-6; , 16BY8-9. B, Production of ethanol. Ã, K901; , 15BY14-6; , 15BY14-9; , 16BY7-6; , 16BY8-9. C, Production of malic acid. Ã, K901; , 15BY14-6; , 15BY14-9; , 16BY7-6; , 16BY8-9. appears that the intracellular thiamine concentration is low in the high malic acid-producing strains. Thiamine functions in the form of thiamine diphosphoric acid (TPP) as a cofactor of various enzymes such as pyruvate dehydrogenase (PDH) and the coenzyme pyruvate decarboxylase (PDC), and PDH is associated with the reaction of acetyl-CoA from pyruvic acid, which is catalyzed by PDH in the entrance to the tricarboxylic acid cycle that is generated in the mitochondria. PDC is involved in the formation of acetaldehyde from pyruvic acid, which is catalyzed by PDH generated in the cytoplasm (Fig. 2) . PDH is encoded by the PDH1 gene. 16) PDC consists of three isozymes, encoded as the PDC1, 17) PDC5, 18) and PDC6 19) genes respectively. According to our analysis, the expression of PDH1, PDC1, PDC5, and PDC6 did not change significantly. It has been found that when thiamine or TPP is added to a mash, the concentration of extracellular pyruvic acid and the productivity of malic acid decrease. 20) In the high malic acid-producing strains, it is likely that the intracellular concentration of thiamine is low. Moreover, it seems that the high malic acid-producing strains have lower activity of PDH and PDC (intracellular thiamine reduction) than the parental strain. Hence we think that cytosolic pyruvic acid accumulated due to a lack of thiamine and decreased activities of the TPP-utilizing enzymes. Since NADH accumulates during sake brewing and the Gibbs energy of the reaction of oxaloacetate and NADH to malic acid and NAD þ is considered to be very high, these mutants show activated formation of malic acid from pyruvic acid and oxaloacetate. Shobayashi et al. have reported that THI genes were overexpressed more in K-9 than in X2190 under static conditions, indicating that THI gene overexpression is responsible for the high ethanol productivity.
21) The ethanol production rate was lower in the high malic acidproducing strains than in the parental strain (Fig. 1B) . Because ethanol was produced by alcohol dehydrogenase and acetaldehyde is produced by PDC from pyruvic acid, we inferred that the low ethanol productivity of the high malic acid-producing strains was responsible for the underexpression of the THI genes.
In summary, in this study we characterized the malic acid-producing profile and gene expression profile of high malic acid-producing sake yeast strains. Our findings suggest that the stress response is upregulated and thiamine synthesis is downregulated in malic acidproducing yeast strains, which leads to increased production of malic acid. The pastulated pathway activated in the producing high levels of strains is emphasized in the figure. ACO, aconitate hydratase; ACS, acetylCoA synthase; ADH, alcohol dehydrogenase; ALD, acetaldehyde dehydrogenase; CS, citrate synthase; FUM, fumarase; IDH, isocitrate dehydrogenase; ICL, isocitrate lyase; KGD, -ketoglutarate dehydrogenase; LSC, succinyl-CoA synthase; MAE, malic enzyme; MDH, malate dehydrogenase; MLS, malate synthase; PDC, pyruvate decarboxylase; PDH, pyruvate dehydrogenase; PYC, pyruvate carboxylase; SDH, succinate dehydrogenase; TCA, tricarboxylic acid; TPP, thiamine diphosphoric acid.
Ã The enzymes with thiamine functions.
